Assessing the anisotropy of rammed earth
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Abstract

Rammed earth construction is an ancient technique that is attracting renewed in-
terest throughout the world today. Since it is carried out by stacking layers of
rammed earth, it is possible that the rammed earth material is anisotropic. This
paper presents the first study of this anisotropy, carried out on two scales. The first
is the scale of Representative Volume Elements (RVEs) of the rammed earth ma-
terial, with dimensions close to those of the walls on site, manufactured and tested
in the laboratory. The second is the microscopic scale, for which tests were carried
out on equivalent Compressed Earth Blocks (CEBs). A conventional homogeniza-
tion procedure was carried out to determine the relationships of the microscopic
scale and the RVE scale. The compressive strengths, elasticity moduli and failure
moduli are similar in both directions of the material: perpendicular and parallel to
the layers. The sum of these results allows us to propose the hypothesis that the
rammed earth material is an isotropic material of the first order, if the layers remain
adherent to each other.

Key words: Sustainable development, rammed earth, anisotropy, compressive
strength.

1 Introduction

Rammed earth construction is an ancient technique that is attracting renewed
interest throughout the world today. Rammed earth walls are manufactured
by compacting a clayey soil (earth) into a formwork. The earth’s composition
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varies greatly but contains no organic components and a sufficient quantity of
clay acting as a binder between the grains - a mixture of silt, sand, gravel and
stones with a diameter of a few centimeters. The compaction is performed us-
ing a water content considered optimum, i.e. providing the highest dry density
for a fixed compaction energy. This process is called the dry method, since the
water content is about 10 %, while a paste (the case of adobes) should have a
water content of about 25 %. The rammed earth is composed of several lay-
ers of earth roughly 15 cm thick, poured into a formwork (wooden or metal),
and rammed with a rammer (manual or pneumatic). After compaction, each
layer is 8-10 c¢m thick. This procedure is repeated until completion of the wall.
Figure 1 on the left shows an example of a French house made of rammed earth.

Fig. 1. Left: a rammed earth house in France. Right: a rammed earth sample.

Thanks to its ”green” characteristics in today’s context of sustainable devel-
opment, rammed earth construction is attracting renewed interest throughout
the world (Walker et al. [1], Bruce [2]). Several studies have been carried out
in recent years to study its characteristics: durability (Bui et al. [3], Hall and
Djerbib [4], [5], [6]), environmental impact (Morel et al. [7]), thermal proper-
ties (Taylor et al. [8], Taylor and Luther [9], Paul and Taylor [10], Hall [11],
Hall and Allinson [12], [13], Maniatidis et al. [14]), mechanical characteristics
in compression (Maniatidis and Walker [15], Bui et al. [16], Jayashinghe and
Kamaladasa [17], Walker and Dobson [18], Burroughs [19], Hall and Djerbib
[20]), and paraseismic behavior (Hamilton et al. [21], Minke [22]).

A certain degree of complexity of the rammed earth material was observed and
described by Bui et al. [16]. Since it is made by piling up layers of earth (Fig.
1 on the right), it is possible that the rammed earth material is anisotropic.
Mechanical characteristic being different in directions perpendicular and par-
allel to the layers. However, to our knowledge, all of the previous studies of
rammed earth’s mechanical characteristics in compression only focused on the
behavior of the rammed earth in direction perpendicular to the earth layers
- i.e. the direction in which the wall supports load descent due to its own



weight. No studies have yet examined the compressive behavior of rammed
earth parallel to the earth layers.

Tests in this direction are of twofold interest. Firstly, the compressive behavior
in this direction determines partly (only in the elastic state) the behavior of
the walls during earthquakes or in general under horizontal loads (wind or
roof effects, for example). However, in the vertical direction (perpendicular to
the layers), rammed earth buildings often have safety coefficients (compressive
strength of material divided by the maximal stress in the wall) of roughly 10
- the case for example of rammed earth buildings in France [23]. In the hori-
zontal direction (parallel to the layers), the order of magnitude of the safety
coefficient has not yet been studied. The tests in the direction parallel to the
earth layers could clarify this question.

The second, more general interest would be the possibility to consider the ma-
terial as homogenous and isotropic, but under what conditions and with what
degree of accuracy? Indeed, these questions will determine the experimental
procedures used to characterize this material in the laboratory and on site.

2 Tests on Representative Volume Elements (RVEs)

The heterogeneity of rammed earth and the challenge of manufacturing sam-
ples that are representative of the rammed earth in situ are discussed in Bui
et al. [16]. For simplification purposes, today most studies use tests on small
samples: 10 cm cubes or cylinders 20 cm high x 10 cm in diameter (Hall and
Djerbib [20], Burrough [19], Lilley and Robinson [24], Hamilton et al. [21]).
Studies performed by Maniatidis and Walker [15] and Bui et al. [16] have
shown that there is a difference between the results obtained with small sam-
ples and those obtained with samples closer in size to the walls in situ and thus
more representative of the latter. Tests on RVEs are therefore indispensable.

2.1 Materials

The material used is referred to as ”Thiers” material (after the name of a
French town). The grain size distribution curve is shown in Figure 2. Its low
binder content (4% clay) means that its compressive strength will be close to
the lower limit for rammed earth material (Walker et al [1]).
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Fig. 2. Grain size distribution curve of the Thiers earth used.

2.2 Compression in the direction perpendicular to the layers

The manufacturing procedure and the uniaxial compression tests in this direc-
tion for RVEs were presented and discussed in Bui et al. [16]. We recall these
results in this paper in order to subsequently compare them with the results
of the tests performed parallel to the layers.

Three samples of Thiers earth measuring (40 x 40 x 65)cm? were manufactured.
The uniaxial compression test in this direction on the RVEs was carried out
in accordance with the procedure described in Bui et al. [16]. The summary
of the results will be discussed in sections 2.4 and 2.5.

2.3  Compression in the direction parallel to the layers

2.3.1 Sample manufacture

The samples are manufactured in the same way as those tested in the direction
perpendicular to the layers, in order to compare the results. The difference is
that these samples are composed of only 3 layers. The sample dimensions are
40cm x 40cm and roughly 20cm high. The last layer is given special attention
during compaction to obtain a surface that is as flat as possible.

To achieve a slenderness ratio of 2, the samples are then cut with a table saw.
Fig. 3 on the right represents a sample obtained after cutting. We manufac-
tured two samples measuring (40 x 40 x 20)cm?® which provided us 4 samples
(20 x 20 x 40)cm? for testing in the parallel direction. Three samples were ac-
tually tested. Since the sample is tested in the direction parallel to the layers,
surfacing is not necessary, because the two surfaces that were in contact with
the formwork are sufficiently flat (Fig. 3 on the left).



Fig. 3. Left: uniaxial compression test parallel to the layers on samples measuring
(20 x 20 x 40)cm?®. Right: samples measuring (20 x 20 x 40)cm?, cut from a sample
measuring (20 x 40 x 40)em?.

2.3.2  Uniaxial compression tests

These tests were performed in conditions similar to those of the uniaxial com-
pression tests in the perpendicular direction, using the same hydraulic press,
the same loading speed (0.01mm/s), and using no anti-friction system (Fig. 3
on left). With a slenderness ratio of 2 for the sample, the friction effect can
be neglected. Unloading-reloading cycles were carried out respectively at the
four stress levels: 0.06 MPa; 0.12 MPa; 0.22 MPa and 0.4 MPa (Fig. 4). Three
cycles were carried out for each stress level.

These tests in the parallel direction of the layers are a priori done on non
homogenous material. Firstly, the stress is not uniform in the sample during
the test due to the heterogeneity of the dry density, which increases from the
bottom up within a same layer and is discontinuous from one layer to another.
The stress value determined is thus an average value (the load applied by the
press divided by the section of the sample). Secondly, layer separation occurs
fairly early on during the test, notably the first crack in the last layer (Fig. 4
on left), meaning that the sample is no longer a continuous medium. However,
these separations do not seem to significantly alter the sample’s mechanical
capacities, since each layer continues to support the load alone. There is no

change in slope even after the abrupt loss of adhesion due to the separation
(Fig. 4 on left).

During the test, the first crack appeared fairly early on, due to the separation
of the last manufacturing layer (Fig. 5 on left), which corresponds to the first
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Fig. 4. Stress-deformation curve for the uniaxial compression test parallel to the
layers, on the sample measuring (20 x 20 x 40)cm?. Right: a closer look at the third
pre-load level.

drop in stress in Fig. 4a, after the first loading-unloading cycles. This phe-
nomenon is often observed in practice: the quality of the last layer is inferior
to that of the other layers. This is perhaps due to the confinement of other
layers and to a higher compacting energy of the next-to-last layers. The sepa-
ration of the last layer corresponds to a strain that is 11 to 17 % of the failure
strain and a stress that is 17 to 20 % of the failure stress.

The complete failure of the sample occurs at the level shown in Fig. 4 on
the left, when the third vertical crack appears (on the right in Fig. 5b). It
corresponds to the maximum extension of the material (the strain corresponds
to the maximal stress) and to the internal failure within a layer leading to the
failure of the entire sample.

In the case of the first two preloading levels (0.06 MPa and 0.12 MPa), the
unloading-reloading cycles are identical (Fig. 4 on left), and Eunioad = Eretoad-
However, for the cycles at the levels of 0.22 MPa and 0.4 MPa, the unloading-
reloading cycles are no longer identical (Fig. 4 on right). In these cases,
Eunioad # FEreoaa- For these cases we determine the modulus using the av-
erage of Eunload and Ereload-

2.4 Comparison of the moduli in the two directions

The comparison of the moduli obtained from uniaxial compression tests per-
pendicular to the layers on samples measuring (40 x 40 x 65)cm® with the
moduli obtained from uniaxial compression tests parallel to the layers on sam-
ples measuring (20 x 20 x 40)cm? is presented in Fig. 6.



Fig. 5. Cracks during the uniaxial compression test in the parallel direction to the
two layers. (a) Left: the first crack that appears fairly early on in the test is located
between the second and the third (last) layer. (b) Right: the second crack that
appears towards the end of the test is located between the first and the second
layer.
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Fig. 6. Comparison of moduli in the perpendicular direction with samples mea-
suring (40 x 40 x 65)cm® and in the parallel direction with samples measuring
(20 x 20 x 40)em3.

We see that with low levels of preloading the moduli in the direction parallel
to the layers are superior to those perpendicular to the layers (by about 25%),
whereas with a preload of 0.4 MPa, the difference is insignificant. The greater
difference at low levels of preloading is perhaps due firstly to the surfacing
of the samples tested in the perpendicular direction, and secondly, it is also
possible that in the first phase there were more microcrack closings in the
perpendicular direction (compacting direction) than in the parallel direction.



2.5 Compressive strength and failure modulus

The compressive behavior of earthen material in general and rammed earth
in particular is not linear elastic. In many cases the failure modulus is used
rather than the elasticity modulus (e.g. Bruce [2]). The failure modulus is
calculated using the ratio between the maximum stress and the deformation
corresponding to this stress. The failure modulus used in this study is shown
in Table 1. The failure moduli in the two directions of the test are equal to
each other, at roughly 70 MPa.

The compressive strengths of rammed earth in the perpendicular and paral-
lel directions to the layers, obtained through uniaxial compression tests on
prismatic samples, are also shown in Table 1. The difference between the com-
pressive strengths obtained in the two directions, perpendicular and parallel
to the layers, is minor (<10%).

Test direction R. (MPa) | Etgiture (MPa) | wiest (%)
Perpendicular to layers | 0.84 + 0.03 T4+7 3.1 £ 0.8
Parallel to layers 0.92 + 0.03 72+ 4 25 +03

Table 1
Compressive strength and failure modulus results obtained with three tests on pris-
matic samples. wyes; signifies the water content at the test moment.

2.6 Discussion

Before the separation of the layers (i.e. before crack opening) and after a
preload, we showed the behavior of rammed earth material can be character-
ized by the following parameters: the elasticity modulus (reflecting the elastic
stiffness below the preloading value), the compressive strength, and the failure
modulus (reflecting the elasto-plastic stiffness at the time of failure), in both
direction perpendicular and parallel to layers. After separation of the layers,
this is still valid for a single layer.

However, for a whole wall, after separation of the layers, we feel it is relevant
to treat the rammed earth material as a discontinuous material, with a friction
interface law of the Coulomb type between each layer. This law is determined
by the friction angle parameter .

In order to determine the crack apparition between the layers and the angle ¢,
we believe that it is necessary to use shear device as the direct shear box for
example. Knowledge of this limit will allow us to determine which behavior



to model for the rammed earth material.

If the separation occurs close to the failure of the material, we can advance the
hypothesis of an elasto-plastic isotropic behavior fully described in this article.
If not, then structures made of rammed earth material are closer to those made
of dry block masonry. If this is true, it will be necessary to determine the new
parameter . However, one major difference with respect to dry block masonry
that complicates modeling is the compressive strength of the rammed earth
layers, which is finite, of an order of magnitude 20 to 200 times less than that
of cut stone. Therefore we will not be able to advance the hypothesis of infinite
compressive strength, a conventional hypothesis for these structures.

3 Microscopic scale - Tests on Compressed Earth Blocks (CEBs)

3.1  Summary of the method

This scale is referred to as ”microscopic” since we can take into account the
heterogeneity in each layer of material (Fig. 1 on right). In our case, the mi-
croscopic size of the rammed earth is roughly 5 cm, or half the thickness of a
layer. The samples used to enable a study at this scale are CEBs measuring
9.5 x 14.0 x 29.4cm3.

The objective of this approach using equivalent CEBs is to facilitate the test
procedure in the laboratory. This method was developed and described by Bui
et al. [16]. This method has been validated only for cases of elasticity moduli
in the direction perpendicular to the layers. In this paper we present the val-
idation of this approach for elasticity moduli parallel to the layers as well as
for the rammed earth’s compressive strength in both directions, perpendicular
and parallel to the earth layers.

In the homogenization, we assume perfect adherence between each layer and
the possibility to apply Hooke’s law.

3.2 Homogenization in the direction perpendicular to the layers

The homogenization procedure in the direction perpendicular to the layers is
illustrated in Fig. 7.

It should be noted that:
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Fig. 7. Left: rammed earth sample at macroscopic scale. Right: microscopic scale
on a rammed earth layer and homogenization.

< d > is the representative density of the material at the macroscopic level.
< F >, is the representative elasticity modulus in the direction perpendic-
ular to the layers of the material at the macroscopic level.

< E >}, is the representative elasticity modulus in the direction parallel to
the layers of the material at the macroscopic level.

o is the average stress applied during the compression test (o = F/S).

We then have the following classic relationship:

Cup + €low
<E>=—4—F— (1)
Eup Elow

3.3  Homogenization in the direction parallel to the layers

The homogenization procedure in the direction parallel to the layers is illus-
trated in Fig. 8. We then have the following:

6upl?up + €low Elow

< E >;=
Cup + €low

10
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Fig. 8. Homogenization in the direction parallel to the layers.

3.4 Recall of the procedure used to implement this approach [16]

The strategy used for the study is to manufacture two types of CEBs with
densities corresponding to d,,;, et djo, in Figures 7 and 8. By carrying out uni-
axial compression tests on these CEBs, we can determine the corresponding
moduli F,, and Ej,,. Based on the relationships presented in equations (1)
and (2), we can determine the equivalent average elasticity modulus of the
rammed earth, in the perpendicular and parallel directions respectively.

In the case of our rammed earth, we can reasonably choose: e,, = €j0,. The
values d;, and dj,,, were determined experimentally and are respectively 1980
and 1820 kg/m? (Bui et al. [16]).

If we replace e, = €y in equations (1) and (2), we respectively obtain the
following relationships:

28, E
<E>,=-""2" 3
Eup + Elow ( )

and:

11



EU Eow
< E >,= pJ;l (4)

In the case of compressive strength homogenization in the direction perpen-
dicular to the layers, we easily obtain:

max

< R >U: o’low (5>

max

where o0¢

is the compressive strength of the lower portion of the layers.

In the case of the compressive strength homogenization in the direction parallel
to the layers, the stress is expressed according to (6):

<o >— (Eupeup + Ellowelow)8 (6)
Cup + €low

On one hand, the upper portion of a layer (denser) has a higher compres-
sive strength than the lower portion (less dense). On the other hand, when:
Eup = Elow a0d Ly, > Fjgy,, we obtain oy, > 0j0,. Thus we do not yet know in
which portion the failure will first occur. There are two possibilities:

a. Case 1: either the upper portion reaches failure first:

(Eupeup + Elowelow)o-max

< R>= ki 7
" (eup + 6low)E1up ( )

If ey, = €100, We then obtain:

(Eup + Elow)amax
< R >p= s
>p 2Eup (8)

b. Case 2: or the lower portion reaches failure first:

(Eupeup + F/‘lowelow)OZW(;:Zm

< R >p=
" (eup + 6low)E)OUJ

12



And if e, = €jow, the equation (9) becomes:

(Eup + Eiow)Olgw
2Elow

< R >p= (10)

3.5  CEB manufacture

The CEBs were manufactured according to the procedure described in Bui et
al. [16]. The earth is poured into a mold and compressed using a double com-
pacting manual press. In our case, the earth used to manufacture the CEBs
was Thiers earth sieved at 3 cm.

The press used is a double compacting press that can produce samples that are
quasi-homogenous and isotropic. An indirect verification of these properties is
proposed by Morel et al. [25].

3.6 Unconfined compression test on CEBs

The CEBs were tested in the longitudinal direction (loaded according to the
29.4 cm length of the block). This arrangement gives a slenderness ratio of 3.1.
Since we can consider the blocks to be homogenous-isotropic, this arrangement
does not modify the results obtained.

3.7 Calculation of the equivalent parameters

The results of the uniaxial compression tests on the CEBs with dry densities
of 1980kg/m? (3 blocks) and 1820kg/m? (4 blocks) were used to calculate the
equivalent parameters according to the equations (3), (4), (5), (8) and (10).

3.7.1 FEquiwvalent elasticity modulus

The calculation of the equivalent moduli in the directions perpendicular to the
earth layers (< F >,) and parallel to the earth layers (< E >}) according to
equations (3) and (4) was performed and is presented in Figures 9 and 10. The
comparison of the variation of the rammed earth sample moduli and those of
the equivalent CEBs, shown in Figs 9 and 10, shows a very good correlation
between the homogenization results and those of the rammed earth samples
manufactured in the laboratory.

13
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Fig. 10. Variation of the modulus according to the pre-loading of the rammed earth
samples tested in the direction parallel to the layers and of the equivalent CEBs.

3.7.2  FEquivalent compressive strength

The results are presented in Table 2, in which, < R >, and < R >}, respec-
tively represent the compressive strengths in the perpendicular and parallel
directions to the layers of the rammed earth material. In accordance with the
rammed earth compressive strength homogenization procedure, the moduli
E,, and Ej,, in the equations (8) and (10) correspond to the failure moduli
for the CEBs with dry densities of 1.98 and 1.82, respectively.

14



Part  dgry(kg/m?®)  wiest (%) Epai (MPa) 0™ (MPa) | < R >, (MPa) | < R > (MPa)
Up 1980 2.8 102+ 4 153 + 0.03
0.88 + 0.09 1.06 + 0.04
Low 1820 2.5 72+ 3 0.88 £ 0.09
Table 2

Calculation of the compressive strength homogenized on the basis of equivalent
CEBs. < R >, and < R >} respectively represent compressive strengths in the
perpendicular and parallel directions to the layers of the rammed earth material.

The comparison between the compressive strength results obtained on the ba-
sis of the equivalent CEBs and from prismatic samples of rammed earth is
shown in Table 3.

Strength (MPa) RVEs Equivalent CEBs Difference (%)
Perpendicular to layers 0.84 +0.03 0.88 £ 0.09 )
Parallel to layers 0.92 + 0.03 1.06 £+ 0.04 15

Table 3

Comparison of the compressive strength calculated on the basis of the equivalent
CEBs with that resulting from the tests performed on rammed earth samples man-
ufactured in the laboratory.

We see that the strengths calculated on the basis of the equivalent CEBs are
higher than those of the rammed earth samples manufactured in the labo-
ratory, both perpendicular and parallel to the layers. In the perpendicular
direction, the difference is not significant(less than 5%), perhaps due to the
inferior surfacing of the rammed earth samples manufactured in the laboratory.

In the direction parallel to the layers, the difference is significant (approx-
imately 15%), which may be due to several reasons. First of all, the earth
layers in the rammed earth sample are not really flat, due to friction in con-
tact with the formwork, whereas in the homogenization we assume that these
layers are flat. This assumption does not significantly influence the test results
in the direction perpendicular to the layers, but it has a much greater influence
in the direction where the applied load is parallel to the layers. Secondly, the
separation of the layers during the uniaxial compression tests in the direction
parallel to the layers was not taken into account in the homogenization, where
it is assumed that the adherence between layers is perfect. These are the two
main reasons why there is an ”over-estimation” of the compressive strength
in the horizontal direction by the homogenization.

15



4 Conclusions and prospects

In this paper, the anisotropy of rammed earth material was studied on two
scales: first the scale of representative samples of rammed earth (with dimen-
sions similar to those of the walls on site) manufactured and tested in the
laboratory, and secondly the microscopic scale, the tests were performed on
equivalent Compressed Earth Blocks (CEBs). A classic homogenization pro-
cedure was carried out to determine the relationships of the microscopic scale
and the RVE scale.

On the scale of the representative rammed earth samples (RVESs), the anisotropy
of this material was studied by using uniaxial compression tests in two di-
rections, both perpendicular and parallel to the layers. Unloading-reloading
cycles were added to study the non-elastic behavior of this material. These
tests gave similar results in both directions tested for this material, for com-
pressive strength, failure modulus and the elasticity moduli in the case of
preload greater than 0,2MPa. In case of preload smaller than 0,2MPa, the
difference between the elasticity moduli in two directions is from 5 to 25%.
All of these results enable us to initiate the hypothesis that rammed earth is
an isotropic material of the first order if the layers remain adherent to each
other. These results have justified the successful application of the hypothesis
of an isotropic material on the macroscopic scale (in-situ rammed earth walls
on small deformation) in the study of Bui et al [16]. Further research will be
established to examine this subject.

The tests with the equivalent CEBs were developed using a model of a compos-
ite material made of layers. They indicated a compressive strength, reloading
moduli and a failure modulus consistent with those resulting from tests on
rammed earth RVEs, in both test directions: perpendicular and parallel to
the layers. This illustrates the reliability of the proposed model. The tangent
moduli of the equivalent CEBs were observed to be superior to those of the
rammed earth samples in the direction perpendicular to the layers (by roughly
50%). This is perhaps due above all to the surfacing, and also to more micro-
pores closing in the rammed earth samples (in this direction of the test, i.e.
the direction of the ramming during manufacture).

The advantage of the CEB method is that using the homogenization procedure
on a quasi-homogenous-isotropic material such as a CEB, enables to determine
the equivalent characteristics of rammed earth walls in both directions. The
difficulty with this method lies in determining the corresponding dry densities
dyp and dje,. Future studies will be necessary to identify a simple method to

16



determine the dry densities of rammed earth walls.
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